The interplay of van der Waals (vdW), electrostatic (ES), and short-range (SR) interactions on both the intraand intermolecular contrast observed in high-resolution atomic force microscopy (HR-AFM) is explored in a hydrogen-bonded monolayer of triazine molecules. Our efficient model to simulate AFM images uses the three-dimensional (3D) charge distribution of both tip and sample to calculate the ES interaction, takes into account the tilting of the CO molecule, and reproduces with high accuracy density functional theory calculations. In spite of triazine's hexagonal structure, the intramolecular contrast has triangular symmetry, reflecting the charge density of the molecule. Stripelike intermolecular features, which join the molecules in the H-bond directions, originate from the overlap of the charge density of the atoms in neighboring molecules and are sharpened by the CO tilt. We demonstrate the existence of different potential energy surface minima for the CO tilt and discuss its influence on imaging. Our results clearly show that the ES interaction maps represent a local 3D average of the ES potential of the sample weighted by the tip's charge density, while the SR interaction resembles a local 3D average of the charge density of the sample. However, the strong cancellation of both contributions results in a net interaction dominated by the ES and vdW far from the molecules, and by the SR at short distance. This cancellation, which essentially removes the dependence on the detailed charge distribution of the tip, explains why AFM images can be reproduced using only sample properties such as the z component of the electric field and the charge density of the molecule, and the success of simple models that only incorporate pairwise, point-charge interactions.
I. INTRODUCTION
The atomic force microscope (AFM) in the frequency modulation mode, also called noncontact atomic force microscope (NC-AFM), has become the tool of choice to characterize matter at the atomic scale. The functionalization of tips with nonreactive closed-shell atoms or molecules has allowed the unveiling of the inner structure of simple molecules in real space. Since the high-resolution (HR) imaging of a pentacene molecule with a CO tip [1] , the AFM has enabled the identification of structures of unknown organic compounds [2] , discrimination of covalent bond orders [3] , and the imaging of intermediate states of chemical reactions [4, 5] . Tip functionalization with inert molecules has also allowed for the imaging for intramolecular features associated with H bonds [6, 7] . Moreover, significant steps have been taken toward chemical recognition with the NC-AFM [8, 9] .
The contrast mechanisms for CO-decorated metallic tips in HR images are nontrivial. Images are usually taken at close tip-sample distance where Pauli repulsion is the dominant interaction and the tip senses high charge density areas. The mobility of the CO molecule or other atom/molecule functionalized tips enhances the potential energy surface (PES) saddle lines and reveals bondlike features in images [10] [11] [12] . On polar or ionic surfaces or charged molecules, the electrostatics of the tip can play an important role in enhancing the contrast formation. In our previous work, we have shown that the potential of the CO-metal tip can be represented by the sum of a dipole potential that takes into account the positive charge accumulation of the metallic tip at the tip apex and the electrostatic potential of the isolated CO molecule, which exhibits a negative-charge accumulation at the O atom due to its lone pair [13] . While the electrostatic interaction of the CO molecule with charge sites can provide atomic contrast and the metallic tip cannot, the latter is relevant for spatially extended non-neutral areas [13] . Lastly, on molecules, the van der Waals (vdW) interaction provides an overall attractive background with negligibly atomic-scale fluctuations [8] .
Computational calculations have played a key role in understanding the contrast mechanisms of CO tips not only by reproducing the qualitative (and sometimes quantitative) behavior of experimental AFM images, but also by isolating tip-sample interactions. On the one hand, density functional theory (DFT) calculations supplemented by vdW interaction are used to simulate force spectroscopy curves at different sites and, in limited cases, full AFM images. Although accurate and reliable, these are computationally expensive, especially when including tip/sample ionic relaxation. However, if the tip-sample interaction is weak, the effect of the CO tilt can be approximated without carrying out ionic minimization by interpolating the frequency shift of the relaxed probe on a static map using the lateral force acting on the rigid CO molecule [14, 15] .
On the other hand, AFM images can be calculated using parametrized molecular mechanics (MM) pairwise potentials. The functional form of the force field is typically a LennardJones potential that includes an r −6 term to simulate attractive interactions, mainly vdW, and an r −12 term to simulate repulsive interactions, mainly Pauli repulsion [12, 16] . In addition, tip-sample interactions induced by inhomogeneous charge distributions are implicitly accounted for through the Coulombic interactions between a small point charge placed at the probe and the electrostatic potential of the sample [10] . In order to simulate the cylindrical confinement of the CO molecule onto the metallic apex, the movement of the probe is constrained by a lateral harmonic potential.
Although these MM models provide a way to rapidly simulate AFM images that account for probe tilt, the results can be misleading. First, the parameters may not be exportable from system to system. Second, the terms that describe the potentials may encompass a variety of interactions. Taking into account the widespread use of these models [10] [11] [12] 16, 17] , it is imperative to address the validity of methods that use pointlike tips to simulate AFM images, to understand why they work, and to study their limitations.
The goal of this paper is to understand the role of the tip-sample interactions and probe relaxation on the contrast formation of the intra-and intermolecular features observed on HR-AFM images of simple molecules. To this end, we extend the method developed in [13] to rapidly simulate and interpret HR-AFM images of molecules acquired with functionalized tips retaining DFT accuracy. The method takes into account the charge distribution of the probe, the ES potential of the sample, and the tilt of the probe atom/molecule. We have simulated images of a self-assembled monolayer (SAM) of s-triazines (C 3 N 3 H 3 , hereafter triazine) on graphene (G). Each triazine molecule is a six-member ring with alternating C-N atoms [ Fig. 1(a) ] that bind into a SAM via H bonds and are physisorbed onto the G. The system is an ideal testbed for studying the contrast mechanism of CO-decorated tips on molecules. On the one hand, triazine offers different chemical elements and an inhomogeneous charge distribution. On the other hand, the G substrate, in addition to being a technologically rich material whose electronic properties can be tuned by the adsorbed SAM, interacts weakly with the triazine molecules, thus allowing for a SAM formation with negligible corrugation.
This work is organized as follows: First, we briefly describe the methods used to simulate HR-AFM images (Sec. II) and the system that it is applied to (Sec. III A): a triazine SAM on graphene probed by a CO tip. Then, the DFT results obtained for this system and used to parametrize the model will be outlined (Sec. III B). Subsequently, through static force-decomposed maps and frequency-shift HR-AFM images, we discuss the contrast mechanism of the molecular, intramolecular, and intermolecular regions as a function of the tip-sample distance (Sec. III C). This is of the outmost importance for the interpretation of AFM experiments. Finally, the existence of different PES minima for the CO tilt will be discussed along with its influence on both theoretical and experimental imaging.
II. METHODS

A. HR-AFM image simulation method
We propose a method to simulate interaction-decomposed HR-AFM images with DFT accuracy [13] . The model separates the total tip-sample interaction into a van der Waals (vdW), electrostatic (ES), and short-range (SR) contribution and accounts for the penalty of a functionalized tip rotation (tilt). Given an initial tip position R tip , the coordinates of the probe are obtained by minimizing the potential,
for the polar and azimuthal rotation angles (θ , ϕ) of the probe. The HR-AFM energy, force, and frequency-shift images at a given tip height are obtained by determining the probe positions that minimize Eq. (1) on a two-dimensional (2D) grid, and evaluating the corresponding total energy, its gradient, and the second-order derivative with respect to the z direction [18] , respectively. The electrostatic interaction is calculated from
where ρ probe is the charge density of the probe and φ sample is the ES potential of the sample. These are obtained on a 3D real-space grid from separate DFT calculations (see Sec. II B for details): one for the sample, and one for the probe in an upright position, and with the tip placed at R tip = 0. The ES interaction is then calculated at an arbitrary position R tip and rotation (θ , ϕ) by interpolating the charge density of the probe.
The short-range interaction, which incorporates mainly Pauli repulsion but also charge redistribution effects, is fitted to a sum of pairwise Morse potentials. The fit is done on the SR component of system-specific tip-sample DFT energy vs distance calculations without ionic relaxations. The contribution is isolated by subtracting the ES interaction, computed as with Eq. (2), from the Kohn-Sham (KS) energy (the DFT energy without vdW interaction),
The approximated DFT energy is supplemented using a semiempirical vdW approach. Specifically, we use Grimme's DFT-D3 theory [19] , which for AFM calculations complements well the KS energy [20] . Lastly, the potential V tilt (θ,ϕ) accounts for the penalty of a probe tilt. For a CO tip with polar symmetry, an angular spring potential,
with κ = 0.01 Ha/rad 2 has been previously reported to reproduce experimental results [10, 12, 13, 16] .
B. Computational details
All DFT calculations were carried out with the project augmented wave (PAW) function method as implemented in VASP [21] using a 7 × 7 × 1 Monkhorst-Pack grid for the Brillouin zone integration, a 600 eV plane-wave cutoff, a 10 −6 eV accuracy electronic self-consistency loop, and the Perdew-Burke-Ernzerhof (PBE) exchange and correlation (XC) functional [22] supplemented by vdW DFT-D3 [19] . The ES potential of the sample and charge density of the probe used in Eq. (2) were calculated on a uniform 3D mesh of λ ≈ 0.075Å spacing with the dipole correction applied to the z direction to eliminate spurious interactions among the repeated unit cells.
Geometrical positions of the SAM were obtained through DFT ionic relaxation of all triazine atoms of a SAM on a (3 × 3) G supercell of 6.53 × 6.53 × 43.4Å 3 using the conjugate gradient algorithm until the residual force on each atom was less than F min = 0.01 eV/Å. The unit cell (3 × 3) G optimizes the binding energy of the molecule to the G. The calculated adsorption distance was 3.33Å and the binding energy per molecule was 405 meV. The molecules are adsorbed with negligible corrugation and form a triangular array with a 6.53Å separation between molecules [ Fig. 1(b) ]. The SAM induces a small rotation of the preferred adsorption sites of the isolated triazines on the G: the C atoms of the triazine on top of the G's C atoms. Triazine has been experimentally synthesized on a G/Pt(111) substrate [23] , which is a weakly interacting G-metal system with a tiny corrugation [20] .
All HR-AFM images computed from Eq. (1) were calculated on a 2D mesh with λ = 0.1Å spacing. Gradients with respect to the rotation angles, computed analytically, were used to more readily converge the probe rotation. The probe position was relaxed using the Broyden-Fletcher-Goldfarb-Shanno (BFGS) algorithm until the generalized gradients were less than 10 −4 au. As we justify in Sec. III C, our calculations neglect the contribution coming from the metallic part of the tip.
III. RESULTS AND DISCUSSIONS
A. Sample characterization
Here, we apply the method described above to simulate HR-AFM images of a triazine self-molecular assembly on graphene probed by a CO tip. Each triazine is an aromatic six-member ring molecule with alternating C-H and N atoms [ Fig. 1(a) ]. They bind into a triangular lattice SAM via C-H · · · N hydrogen bonds (H bonds) and are physisorbed onto the G [ Fig. 1(b) ]. Although triazines can be grown on other substrates [24, 25] , graphene, with its very low reactivity, promotes the formation of well-ordered layers with no chemical coupling to the SAM [26, 27] . Thus, this 2D system is ideal to study the contrast formation of the AFM with functionalized tips: the SAM is flat and thus removes corrugation effects. In addition, it presents three types of 075418-3 chemical species and it has both covalent intramolecular coupling as well as intermolecular coupling through H bonds.
Figures 1(c) and 1(d) show the charge density and the z component of the ES field of the triazine SAM/G at a plane z = 3Å from the surface. The charge density has a triangular shape coming from the dominant N lone pairs [see ρ( r,E = E HOMO ) in Fig. 1(a) ]. These also dictate the form of the z component of the ES field. It is attractive towards electrons inside the molecule and repulsive outside, with the repulsive centers created by the lone pairs of the N atoms. Although the charge density of the SAM is very similar to the one of the isolated triazine molecules, there are faint intermolecular features present in the charge density far from the plane of the molecule. Its origin is not related to a charge transfer with the substrate or charge redistribution of the SAM (both of which are negligible [28] ), but to the overlap of the C-H · · · N electronic densities of neighboring triazine molecules.
B. Force spectroscopy
In order to simulate HR-AFM images with the method described in Sec. II A, the SR Morse parameters are first fitted to DFT calculations. To this end, DFT+vdW force vs distance calculations keeping the CO molecule fixed are performed on the CO tip-triazine SAM/G sample system. The tip is placed on eight sites of the SAM [ Fig. 2(a) ]: above N, C, and H atoms, in between bonded atoms of the triazine C-H, N-C, and C-C, in the center of the molecule (cent), and in two intermolecular regions (H bond and inter). As the tip approaches the sample, the total force is first attractive and then repulsive [see Fig. 2(b) ]. The N site exerts the highest repulsion for tip-sample distances z < 3.6Å and comparable to other high-density C, C-C, and C-N sites. Although the center of the molecule does not have high electron density, it is the fourth most repulsive site. The C-H site yields very similar forces to the center site, and the H and H-bond sites are less repulsive. Finally, the intermolecular region with the least electronic density (intersite) yields the weakest force; it is the only site still attractive at z = 2.5Å. Each of these tip-sample interactions can be decomposed into ES, vdW, and SR components. Figure 3(c) shows the decomposition on the N site. Due to the overlap between the CO and triazine wave functions, the SR force (mostly originated from Pauli repulsion) grows exponentially as the tip-sample distance decreases. Likewise, due to the overlap of electronic densities, a similar rate of decay (growth in magnitude) occurs in the ES force. This results in a strong cancellation between these two, with the SR dominating at small tip-sample distances (z < 3.2Å). Nevertheless, for z > 4.0Å, the vdW is the dominant interaction. It is also worth noting that it is the only interaction that is affected by the presence of the G substrate. That is, for all other interactions, the CO tip-triazine SAM/G and the CO tip-triazine SAM are equivalent. This is in accordance with the large decay in the magnitude of the SR and ES forces with increased tip-sample distance.
From the DFT force vs distance calculations, the SR interaction is extracted using Eq. (3) [markers in Fig. 3(a) ] and fitted to pairwise Morse potentials between a Morse center placed at the tip apex (O atom) and centers placed in the sample's plane [lines in Fig. 3(a) ]. Admittedly, the large growth of the SR force complicates the modeling of the interaction through pairwise potentials. The strong cancellation between the SR and ES force requires a high-precision parametrization. We find that using three species of Morse centers, i.e., one for each distinct atomic species (N, C, H), and placing the centers at the atomic positions of the triazine SAM is not enough to reproduce the rich contrast of Fig. 2(b) . This can be appreciated in Fig. 3(c) where the total DFT force (markers) and the model's force (lines) are plotted. The problem is solved by augmenting the variational freedom of the fit by adding a ghost Morse species to the center of the hexagons of the triazines. This improves the precision of the fit and provides an excellent agreement between the DFT and the model's results for the full range of tip-sample distance [see Fig. 3(b) ]. Possibly, the need for a ghost species comes from the lack of directionality of the Morse potential that may be important when modeling aromatic molecules. Namely, they have σ and π bonds that make the directionality of the charge density relevant. Note that no Morse centers are placed in the plane of the G. As stated before, for this system, the substrate does not play any role in the SR interaction.
C. HR-AFM images
After achieving an excellent fit to the DFT calculations, interaction-decomposed images without tip relaxation are simulated. These are key to understand the contrast mechanism of the CO tip. Figure 4 shows the static maps (without probe relaxation) for five tip-sample distances from z = 2.87Å to z = 3.93Å. In order to highlight the contributions, the gray scale in each plot is fixed by the maximum and minimum value of the interaction. For large tip-sample distances (z > 3.6Å), the attractive vdW and ES interactions dominate and make the inside region of the molecule the most attractive feature of the image. The ES maps have a triangular shape at the molecules with the vertices at the C atom positions. In contrast, the SR is repulsive and partially cancels the ES contribution. In these maps, the molecule is the most repulsive part and images also have triangular features but with vertices around the N atoms. The net interaction has dark (attractive) features at the triazine positions with a triangular shape given by the remnant ES and vdW interactions. As the tip-sample distance decreases, the SR-ES cancellation leans in the direction of the repulsive SR interaction. On the other hand, the vdW contrast becomes negligible (see contrast range values in Fig. 4) . This leads to a change in contrast of the total force with bright (repulsive) features around the N atoms of the molecules. At very small tip-sample distances, z < 2.9Å, very faint intermolecular features appear both in the total force 075418-5 FIG. 5. Simulated AFM images of a triazine SAM/G probed by a CO tip. The first column is the total force, the second column is the reduced frequency shift (−dF /dz), and the arrows in the third column show the lateral relaxation of the CO probe. Scale bars correspond to 2Å. and SR contribution. These can already be appreciated in the charge density of the SAM [see Fig. 1(c) ] and originate from the spatial overlap of the C-H · · · N outermost electrons of adjacent triazine molecules [15, 29] .
It has been proposed that the contrast in AFM images may be explained exclusively from sample-related properties, such as the electronic density or the associated electric field [15, [30] [31] [32] [33] [34] [35] . However, in our calculations, for all tip-sample distances, the ES force does not exactly resemble the z component of the ES field of the SAM. For large distances, z > 3.6Å, it has attractive triangular features with vertices at the C-H's of the triazines. As the distance decreases, the features become more hexagonal and follow the perimeter of the molecule. The effect reflects the nonlocalized nature of the CO molecule's charge distribution. That is, the ES interaction is a 3D average of the ES potential of the sample weighted by the CO nonspherical charge distributions. Similarly, the SR contribution does not exactly resemble the charge density of the SAM. For large distances, z > 3.6Å, it also has repulsive triangular features but with vertices at the N atoms. Even though the N atoms have more localized charge density than the C atoms, the SR repulsive feature also merges into hexagons as the tip-sample distance decreases. This also indicates that the interaction resembles not just a z average of the charge density of the outermost electrons of the sample [15, 36] , but a 3D average. It also explains why the centers of the molecule have high repulsion even though the electronic density is low. Surprisingly, when both SR and ES contributions are joined, the 3D averaging effect seems to be reduced. At large tip-sample distances, z > 3.6Å, the total force appears more like the z component of the ES field [ Fig. 1(c) ] than the ES interaction map. Similarly, at small tip-sample distances (z < 3.2Å), the total force resemblance to the charge density of the SAM [ Fig. 1(d) ] is greater than the SR resemblance to the charge density.
The SR-ES strong cancellation also explains why pointlike methods to simulate HR-AFM images reproduce qualitatively (or even quantitatively) the experimental images or the more accurate DFT simulations. In these methods [12, 16] , the averaging effects of the tip are not explicitly included. Nevertheless, as a result of the cancellation, the potential energy landscape (PES) can be fitted to a polynomial (R −n ) potential, i.e., Lennard-Jones. Also, the induced effect of the sample's charge distribution differences can be incorporated with a pointlike approach to the ES contribution [10] .
Note that in the maps shown in Fig. 4 , the contribution coming from the metallic part of the tip (the apex that the CO is attached to) has been neglected. As described in [13] , the metallic tip can be modeled by a dipole of the order of 1.00 D placed at the metal apex. On the triazine SAM/G, the associated force varies from 0.75 to 2.43 pN for tip-sample distances 3.93 and 2.87Å. It represents a maximum of 2.5% of the total contrast.
With the insight gained by understanding the origin of the tip-sample interaction, we are now in a position to discuss the effect of the tip tilt [1, 3, 16, 32] on the HR-AFM images, the underlying interaction that controls it, and its effect on the imaging of intermolecular features [6] . Figure 5 shows the total force, frequency shift, and relaxation maps of the probe. Due to attraction coming from the ES and vdW interactions in the center of the molecules, there is a slight tilt of the CO tip towards the molecules ∼0.3Å at z = 3.7Å. However, for large tip-sample distances, z > 3.6Å, the total force is barely perturbed by the tip and resembles the z component of the ES field. At intermediate tip-sample distances, z < 3.6Å, the relaxation induced by high electronic density sites, i.e., C, N, and covalent bonds, defines the contour of the molecule [1, 3] and results in a sharpening of the triangular stripes seen in the static maps. The characteristic triangular shape displayed by the triazine is due to the large electronic density of the N atoms compared to the C-H groups, even far from the molecule [ Fig. 1(c) ]. Notice that the behavior of the N atoms in the triazine differs from what has been observed in large molecules with several six-member rings and containing only a very few N atoms [37, 38] . In that case, the electron density coming from the C atoms decays more slowly than the N's, resulting in weaker repulsion at the N atoms compared to the C atoms.
The relaxation, which is shown more explicitly in Fig. 6 , is significant for intermediate to small tip-sample distances (z < 3.6Å), where the SR repulsion overpowers the other interactions. Due to increased electronic density, the relaxation is dominated by the N atoms. Consequently, the CO starts tilting near the N site at larger tip-sample distances compared to other sites. Also, outside of the molecules, the CO tilts away from the N atoms and towards the neighbourhood of the C-H groups. Finally, we consider the effect of the vdW interaction on the CO tilt. For an isolated molecule, the vdW attraction causes a tilt towards the molecule [3] . However, in the SAM, the lateral attractive vdW interaction in the middle of the intermolecular space, which results from the contribution of all the neighboring molecules, cancels out and has a very minor effect on the CO tilt.
At small tip-sample separations, z < 3.2Å, the CO tilt enhances the ripples connecting the triazine molecules in the H-bond directions [6, 16] . Although they are weakly apparent in the charge density and static maps, the ripples are augmented at this distance range (see Fig. 5 ). In this case, the relaxation is dominated by the slowly decaying charge density of the N atoms. It softens the high-repulsion areas induced by the molecules, that is, the intramolecular areas, and renders visible the intermolecular features [15, 29] . Notice that these are not shaped as linear stripes (sharpening of the saddle lines), but instead have a faint triangular shape. This is produced by the particular relaxation pattern around the C-H area created primarily by the two neighboring N atoms. This discussion shows that the appearance of the ripples is linked with the PES. Forces are very weak at the intermolecular region (∼100 pN) and we do not expect the associated ionic relaxation (not considered in our calculations) to significantly change the structure and symmetry of the PES and, thus, the appearance of the ripples.
As explained before, for large tip-sample distances (z > 3.6Å), the CO tilt direction is dictated by the vdW and ES interactions. These always attract the probe towards the molecule. Conversely, as the distance decreases, the SR interaction creates a barrier that pushes the probe away from the molecule. The change of regime suggests that the relaxation PES of the probe is complex. Indeed, here we point out the existence of different PES minima of the CO tip at both sides of the triangular contour of the molecules. For instance, at a tip lateral distance of 0.95Å from the N atom in the direction of the H bond, the relaxation PES has two minima for a range of tip heights. These are shown in Fig. 7(a) where the tip-sample energy as a function of the reaction coordinate, defined as the CO's lateral displacement along the minimum-energy path obtained by varying the probe tilt angle, is plotted for three different tip heights. The zero of the reaction coordinate corresponds to the CO in an upright position and the positive values correspond to displacements towards the N atom. The full PES for two tip-sample distances are shown in Figs. 7(b) and 7(c) . The PES at z = 2.8 and z = 3.0Å have two minima and, in contrast, the PES at z = 3.2Å has only one. This is explained by the growth of the SR barrier around the molecule as the tip-sample distance decreases (see Fig. 4 ), which produces an even-degree polynomial relaxation PES with two turning points. This may have important consequences for HR-AFM image simulations, that is, different images may be obtained depending on the energy minimization procedure, e.g., local vs global minimum search or initial conditions. For instance, in the present case, if maps are calculated from top to bottom, that is, the rotation angles obtained from the minimization of a higher tip distance are used as initial conditions, the probe would always relax towards the molecule. On the other hand, if maps are calculated from bottom to top or if a global minimization algorithm is used, at small tip heights the probe would relax away from the molecule. As shown in Figs. 7(d) and 7(e), this would lead to different HR-AFM images.
The trapping of the probe on a PES minimum should also be factored into the interpretation of experimental images where the experimental settings, e.g., temperature, scan mode, etc., may cause alterations in the measurements of bond lengths and bond orders. This could be especially important in systems with large ES interaction, for instance, in polar or ionic samples, or with charged functionalized tips, e.g., a Xe metallic tip.
IV. CONCLUSIONS
We have proposed a model to rapidly simulate interactiondecomposed HR-AFM images with DFT accuracy. The model is parametrized through DFT calculations and decomposes the total tip-sample interactions into SR, vdW, and ES contributions. The latter takes into account the charge distribution of both the tip and the sample. We have used the method to study the imaging of a triazine SAM by a CO tip. We have shown that the ES interaction maps a 3D average of the sample's z component of the ES field, while the SR interaction maps a 3D average of the sample's charge distribution. The strong cancellation between the SR and ES contribution in the final, total interaction results in (1) a reduction of the 3D averaging effects and (2) a less pronounced repulsive total interaction at small tip-sample distances (compared to Pauli's). For large tip heights, the resulting total interaction resembles the z component of the ES field of the sample. In contrast, for small tip heights, it resembles the charge distribution. The strong cancellation also explains why simple pairwise pointlike models qualitatively reproduce the HR images.
Strikingly, HR-AFM images of the triazine present a strong asymmetry between the C and N atoms, with the latter being more repulsive at small tip heights. The tilt of the CO tip highlights the triangular contour of the N atoms and, at very small tip heights, intermolecular features (H bonds). These stripes, due to relaxation towards the C-H groups induced by repulsion from the neighboring N atoms, have a triangular shape. We attribute their appearance to (1) the overlap of the electronic densities of the C-H and N atoms involved in the H bond, and (2) their enhancement upon the tip tilt to a lowering of the overall contrast.
We have also examined the 3D PES of the CO tip in the SAM and point to the existence of two minima at the contour of the triazine. This may have observable consequences, both theoretical and experimental, on the distortion of the image, and the comparison of images obtained via different scan modes.
